Abstract: Environmental conditions experienced during foetal and neonatal life influence early development with potential long-term consequences for later life events. In many parts of the world, the external environment varies with the season. This includes factors such as photoperiod, climatic factors, nutrition or prevalence of infectious agents. Birth season is one surrogate for the environmental conditions experienced at conception, during pregnancy, around birth and during early postnatal life. The seasonal variation of environmental factors may thus influence early pre-and postnatal developmental processes differently in individuals born at different times of the year, causing respective downstream effects on later life events. Accordingly there is accumulating evidence that effects of birth season may impact a variety of physical, physiological and psychological parameters in humans. This review covers a survey of birth season effects on reproductive characteristics in women together with a discussion of possible causes, focussing on environmental factors that might play a central role during development, crucial periods of early development that might be influenced by these environmental factors, and potential underlying physiological mechanisms.
INTRODUCTION
Studies on the etiology of reproductive malfunction commonly address conditions during puberty and adulthood [e.g. 1, 2] . The functioning of reproductive organs and the reproductive neuroendocrine, however, may be influenced by factors already present during intrauterine or postnatal life or even prior to the beginning of intrauterine life [3, 4] . Accordingly, it is now well established that environmental factors experienced during fetal and neonatal life influence early developmental processes, leading to permanent modifications which may persist a lifetime [5] [6] [7] [8] . This so called early life programming reflects the action of factors acting during crucial periods of development on fetal genome expression and cell division of concurrently vulnerable organs, with potential long-term effects on structure and functioning of these organs [9] [10] [11] .
In many parts of the world, the external environment shows pronounced variations with season and therefore the season of birth may contribute to early developmental processes. This seasonal variation concerns a variety of environmental factors (e.g., photoperiod, climatic parameters, food quality and quantity) and maternal factors (e.g. hormonal and metabolic parameters, infections, behavioural variations). However, most of these variables are highly inter-correlated, leaving it very difficult to ascertain single causative factors influencing early development. At high latitudes, winter, for instance, is associated with factors such as low temperature, short photoperiod together with low levels of ultraviolet radiation, vitamin deficiencies [12] , high risk of infectious diseases [13, 14] , or increased risk of obstetrical complications [15] . Although modern life has considerably diminished the seasonal variation of most of *Address correspondence to this author at the Research Institute of Wildlife Ecology, Savoyenstr. 1, A-1160 Vienna, Austria; Tel: +43-1-4890915-140; Fax: +43-1-4890915-333; E-mail: susanne.huber@vu-wien.ac.at these factors (owing to heating, air condition, artificial light or the year round supply of fresh fruit and vegetables), it has not completely vanished.
The season or month of birth is an indicator for the seasonal changes of environmental and maternal conditions experienced prior to and at conception, during pregnancy, around birth, and during early postnatal life. The seasonal variation of environmental and maternal factors may, thus, influence the various early pre-and postnatal developmental processes differently respective to the month of birth. In this review, we present an overview, albeit not exhaustive, of studies concerning the theory of birth season as one surrogate for environmental conditions during the pre-and early postnatal period affecting later reproductive performance. References were searched with PubMed and Scholar Google, using the following key words: birth month, birth season, birth date, reproduction. This review considers all papers concerning the theory of birth season effects on reproduction and providing quantified data that have been found by this research strategy.
SEASON OF BIRTH EFFECTS ON REPRODUCTION
Numerous studies report that the season of birth influences early development of individuals with long-term consequences for a wide range of parameters such as body height [e.g., 16, 17] , longevity [e.g., 18, 19] , susceptibility to diseases [e.g., [20] [21] [22] , as well as several parameters of performance [e.g., 23, 24] . Expectedly, those parameters investigated both in the Northern and the Southern hemisphere, exhibited a seasonal variation depending on the month of birth, shifted by half a year between the two hemispheres [18, [25] [26] [27] , whereas no birth month variation was found in equatorial regions where seasons are absent [28] .
Season of Birth Effects on Reproduction in Women
A variety of studies provide evidence that seasonal factors present during fetal or early postnatal reproductive development might affect reproductive characteristics later in life, such as fertility [29] [30] [31] [32] , offspring count [33] [34] [35] , reproductive lifespan [34] , birth seasonality of the offspring [29, 33] , age at menarche [36, 37] , seasonality of menarche [38] , timing of menopause [39, 40] , menopause-associated symptoms [41] , menstrual disorders [39] , twinning rate [42, 43] , birth weight [44, 45] , and sex ratio of the offspring [46, 47] .
For instance, odds ratios for early menarche, early and late menopause as well as menorrhagia was found to be higher in Dutch women born in February, April, and late summer than in those born in early summer and late autumn [39] . Cagnacci et al. [40] , who reported an influence of the season of birth on the timing of menopause in modern Italy, also observed earlier menopause in spring as compared to autumn born women. In addition, according to a study on seasonal rhythms of menarche in the contemporary Unites States, spring born girls exhibit less seasonality to their menarche [38] . And in Japan of the 20 th century, mothers born between May and July reportedly had a low twinning rate without seasonal variation in twin births [42] .
Sex ratio of offspring born to mothers born between February and April in a French-Canadian population of the 17 th and 18 th century, was found to be biased towards females, most likely resulting either from a female-biased sex ratio at fertilization or male-biased loss of conceptuses during pregnancy [47] . On the other hand, a study on modern Japanese women described that those born between March and May exhibited a male biased sex ratio among their offspring [46] . Several studies concordantly indicate that birth in summer months appears to be rather disadvantageous for reproductive functioning in later life ( Table 1) . In a historic Dutch population, for instance, subfecundity as estimated on the basis of time to pregnancy, was most frequently found among women born between July and September [30] , with an increased risk for reproductive failure among women born between July and August and January and February [32] . In a French-Canadian population of the 19 th century, Smits et al. [31] also found that women born in summer months had the lowest and those born in winter the highest fertility according to time to first pregnancy. Furthermore, a study on Japanese women born between 1896 and 1935, reported a lower average offspring count among women born between August and October [33] . Women born between May and July and February and April, on the other hand, showed a flat birth seasonality which was suggested indicating higher fertility [33] . The latter results were confirmed by the finding of Nonaka et al. [29] in a French-Canadian population during the 17 th and 18 th centuries, who showed that women born between May and July had a higher proportion of immediate conceptions after marriage. Another study on premodern Canadian women of the 19 th century reported that women born between July and October as well as April and May, had below average reproductive success, determined as the number of live-born children and the number of grandchildren [34] . This finding indicates that even an individual's genetic contribution to the next generation appears to be affected by the developmental conditions a woman experienced early in life.
Although in Western populations living in modern settings, birth season effect on reproduction may be less likely determined because of the wide practice of family planning, the availability of contraception and the possibility of medical treatment for low fertility, which lowers the individual variation of reproductive traits, birth month effects have still been detected in modern populations. Huber et al. [35] , for instance, investigated the association between birth month and lifetime reproductive success in contemporary Austrian women aged 45 years. Although they did not find a significant association between the month of birth and A study on modern Italian women described that menopause-associated symptoms were highest in women born in June and lowest after birth in November [41] . German girls born in August were reported to experience menarche four months later than those born in October [37] , supporting the finding of a later age at menarche in South African girls born in late summer and early autumn [36] . A Japanese and an Italian study, finally, report above average coincidence between month of menarche and the month of birth [48, 49 but see 38] .
Season of Birth Effects on Reproduction in Men
Only one study has examined the association between season of birth and reproductive performance in men so far, mainly owing to the fact that accurate data on offspring count of men are very rare [50] . The authors demonstrated that in a contemporary Austrian population, birth season was related to both offspring count and the probability to remain childless. The pattern was different from that found in Austrian women [35] , with higher average offspring count and lower percentage of childless individuals in men born during spring than in men born during autumn, and intermediate measures found for summer and winter born men.
POSSIBLE CAUSAL ENVIRONMENTAL AND MATERNAL FACTORS
The conditions experienced early in life are likely the consequence of a great variety of seasonally varying environmental and maternal factors. Among the environmental factors are parameters such as photoperiod, UV-radiation, ambient temperature, humidity, but also factors such as air pollution and prevalence of infectious agents. Maternal factors include parameters such as quantity and quality of nutrition (e.g. vitamins and trace elements), infections, hormones, metabolic changes, blood viscosity, neurotransmitter turnover, pregnancy-induced hypertension, obstetric complications, work load, appetite, emotional factors, and behaviour (e.g. physical and outdoor activity levels tend to be lower in winter [51] ). In addition, other parameters such as paternal factors, conditions of postnatal development, and social factors (e.g. holidays), may also be involved. Despite the fact that most of these factors are inter-correlated, three parameters have been proposed prime candidates to affect early reproductive development, namely photoperiod, ambient temperature and nutrition.
Photoperiod
Photoperiod, i.e. the number of light hours per day, provides the most robust marker of season [52] . Although it is still controversial whether humans are seasonally photoperiodic [53, 54] evidence exists that in arctic regions, short days seem to exert an inhibitory effect on the hypothalamuspituitary-gonadal (HPG-) axis, whereas increasing photoperiod is associated with increased activity of the HPG-axis [55] . Correspondingly, in many regions of the world, a spring peak in conceptions is found although in other regions, an increased rate of conceptions is reported in autumn, at a time when photoperiod is decreasing [56, 57] . Some have argued that melatonin mediates these effects of photoperiod on the reproductive neuroendocrine even though a causal relationship remains to be determined [58] . Indeed, evidence from the literature suggests that melatonin might be capable of affecting the secretion of gonadotropin, prolactin, growth hormone, as well as ovarian steroids [rev. 59] . Furthermore, there is evidence from animal studies that maternal melatonin communicates photoperiod to the fetus [60] [61] [62] .
In addition, it is well established that only small changes in the hormonal environment during critical periods of development can have considerable effects on adult reproductive performance [63, 64] . A similar principle applies to sexual differentiation, where subtle developmental events that occur perinatally can result in significant physiological and behavioural effects in adulthood [65] . The view that the photoperiod during foetal and/or neonatal life might affect the developing reproductive system is supported by a study on birth season effects on reproduction in men, where photoperiod at a male's birth was significantly positively correlated with his subsequent offspring count [50] . The transition from decreasing to increasing photoperiod might also represent a signal. Evidence comes from a study on the success rate of in vitro fertilization, reporting an association between fertilization rates and the delta increase or decrease in light hours [66] .
On the other hand, the relation between photoperiod and reproductive output in both men and women can also be due to different mechanisms not related to gonadal function. Individuals born in particular seasons might be more attractive and for this reason being capable to reproduce more successfully. Phillips et al. [67] , for instance, reported that men with a low birth weight had a higher chance to remain unmarried. Whereas low fluctuating asymmetry was found to be associated with higher reproductive success [68] . Moreover, both birth weight [e.g., 17, 45, 69, 70] and fluctuating asymmetry [71] have been shown to vary with the season of birth.
Ambient Temperature
Ambient temperature also shows regular seasonal fluctuations, that lag behind the seasonal photoperiod rhythm [72] . Existing evidence suggests that high temperature extremes are more critical than low temperature extremes [73] . For instance, animal studies show that heat stress during early pregnancy can reduce blood flow to the fetus with negative consequences for offspring birth weight [74] , whereas cold exposure appears to increase glucose availability to the fetus [75] . In cattle and rodents, it has also been demonstrated that heat stress is capable of inhibiting follicular development by affecting estrogenic activity and the viability of granulosa cells [76] [77] [78] . Heat could also act indirectly as a non-specific stressor [73] , with potential consequences for early developmental processes. In humans, heat has been shown to suppress spermatogenesis and possibly steroidogenesis in human males [79] , with high summer temperatures being associated with reduced sperm concentrations [80] . Though the role of ambient temperature is still unclear as the same summer deterioration of semen quality was also found in individuals working indoor at constant ambient temperature [81] . In addition, a causal link between ambient temperature and reproductive function in women remains to be determined.
Nutrition
In pre-modern times, food supply and especially the availability of fresh vegetables and fruit have been highly seasonal, causing amongst others vitamin deficiencies primarily during late winter and spring. In modern times, the seasonal variation in nutrient supply has diminished. However, besides availability, also nutrient intake may vary seasonally. For instance, in adults, the total energy and carbohydrate intake tends to show a maximum in autumn [82] . On the other hand, the intake of meat and dairy products is increased in winter [83] , whereas more fresh fruit and vegetables are consumed in summer [84] .
In both human and non-human mammals, maternal undernutrition during pregnancy has been shown to reduce ovulation rates of adult female offspring, indicating that maternal malnutrition can influence ovarian development of the fetus with long-term consequences for reproductive performance during adulthood [85] [86] [87] . In addition, poor growth during late gestation is supposed to lead to a smaller number of primordial follicles in the ovary, which might affect the overall length of the fertile period in women [88] .
POSSIBLE CRUCIAL PERIODS OF EARLY DEVELOPMENT
Another critical issue for the understanding of birth month effects on reproduction is to elucidate periods of early reproductive development that are most or least susceptible for the effects of seasonally varying environmental or maternal factors. Likely the susceptible periods differ depending upon the tissue and the factors involved. A closer look at the ovarian development of the human fetus as described in [89] and [90] may provide an indication of potential crucial periods: The genital ridge is formed at approximately 3.5 to 4.5 weeks of gestation. At about 7 wk of gestation, sex cords are formed that are colonized by primordial germ cells. The maximum number of germ cells is present at about 20 weeks of gestation, with a dramatic decline in oocyte numbers thereafter. Once oocytes are within primordial follicles, they remain arrested at the diplotene stage of the first meiotic division. Follicle formation begins between 16 and 18 weeks of gestation with primary follicles found by 24 weeks and some secondary follicles by 26 weeks of gestation. In the third trimester and the postnatal period, when FSH levels are elevated, also antral follicles develop.
Fetal gonadotropins seem to play a role during foetal reproductive development, with peak levels found around 20-24 weeks of gestation [91] . The earliest growth stage, however, including the formation of primary follicle, is gonadotropin-independent [90] . In contrast to the fetal testis, the fetal ovary appears to be quiescent in steroidogenesis, although some ovarian steroidogenic enzymes have been demonstrated [92] . Maternal estrogen, on the other hand, appears to affect development of the external genitalia, as estrogen receptors have been found in midtrimester female but not male fetuses [91] . Accordingly, a crucial period for gonadal development might exist in early pregnancy. In addition, the first half of gestation might be critical particularly for reproductive characteristics that result from differences in oocyte number, such as, for instance, the age of menopause. Midtrimester of gestation might further be suggested a critical period for factors affecting maternal estrogen levels with potential consequences for the development of the external genitalia. However, mechanisms of the regulation of follicle formation and atresia are only partially understood. Determinants of oocyte number may therefore act throughout all pregnancy by either increasing or decreasing the number or apoptosis of formed follicles. Thus, it is also feasible to consider the entire gestational period as crucial for oocyte determination.
POSSIBLE UNDERLYING MECHANISMS
Physiological mechanisms possibly underlying the effects of environmental and maternal factors on fetal reproductive development with long-term effects on later reproductive capacity likely involve the gonads and the HPG-axis, affecting both structure and physiology [93] .
Possible Mechanisms Involving Seasonality of Reproduction
Although humans are regarded as representatives of nonseasonally breeding mammals, they show distinct annual rhythms in reproduction that are specific for geographical regions [72] . Seasonal variations have been reported for a wide range of reproductive parameters such as human conception rates [57, 72, 94] , semen quality [55, 80, 95] , frequency of ovulation [96, 97] , sexual activity [98] , length of the menstrual cycle [99] , endometrial receptivity [100 but see 101], occurrence of spontaneous abortions [102] , sex ratio at birth [103] , and even fertilisation rates in women undergoing in vitro fertilisation [66, 104, 105] . The activity of the HPG-axis has also been reported to exhibit seasonal fluctuations both in men [106, 107] and women [97, 108] , with an decrease in pituitary-gonadal function during the dark season [108, 109] . So it is conceivable that the seasonal fluctuation of reproductive parameters like the activity of the HPG-axis might influence fetal development of reproductive organs and physiology.
The seasonal preovulatory overripeness ovopathy (SPrOO-) hypothesis proposed by Jongbloet [110, 111] , is based on the assumption that the risk of preovulatory overripeness of the oocyte and, thus, the risk of ovarian maldevelopment in the conceptus varies with season. One premise of this hypothesis is that the risk of hormonal disturbances during the preovulatory phase of the menstrual cycle, which may lead to preovulatory overripeness of the oocyte, varies seasonally. Insemination of suboptimal maturated oocytes, in turn, is suggested to cause various complications of pregnancy and parturition, reproductive weaknesses, menstrual disorders, and constitutional diseases [39, 110, 112] .
Another hypothesis involving seasonality of reproductive traits is one of the first hypotheses explaining birth season effects on female reproduction, proposed by Miura and Shimura [33, 113] and Miura [114] . They suggested a seasonal epidemic infertility factor, presumably an infectious agent, which only operates during a particular season. Such infertility factor would infect embryos during certain seasons, resulting in seasonal abortion of some embryos, and immunity in others, which are then themselves less likely to lose their embryos during an epidemic season. Nonaka et al. [29] also proposed that some seasonal infertility factors might affect the embryos at early stages of pregnancy.
Further Possible Mechanisms

Stress
Owing to the fact that glucocorticoids are among the key hormones controlling fetal development [115] , and due to the considerable interplay between the hypothalamus-pituitaryadrenal-(HPA-) and the HPG-axis [116] , an influence of prenatal stress on reproductive development of the fetus is conceivable. It is well established that the HPG-axis is affected by the HPA-axis, with corticotropin-releasing hormone (CRH) exerting inhibiting effects on gonadotropinreleasing hormone (GnRH) secretion, and glucocorticoids inhibiting gonadotropin and sex steroid secretion [117] . In addition, CRH receptors are present in most female reproductive tissues [118] . Emerging evidence further indicates that the interaction between the HPA-and HPG-axis may be modified by early environmental conditions [119] , supporting the view that prenatal stress might be involved in birth season effects on reproductive traits.
Vitamin D
Vitamin D might be another candidate possibly underlying birth season effects on reproduction as evidence from literature suggests that vitamin D may be involved in fertility, amongst others, by acting on gonadotropin release [120] . In addition, it has been argued that Vitamin D might play a role in the seasonal fluctuation of reproduction [121] because Vitamin D production is strongly associated with ultraviolet radiation, which shows pronounced variation with season.
Epigenetic Factors
There is evidence that environmental factors might affect fetal development via epigenetic modifications of DNA, which means a modulation of gene expression without changes in the DNA sequence (e.g. via changes in DNA methylation) [122, 123] . It has been shown, for instance, that epigenetic modulations affect later stress responses and risk for disease [124, 125] . However, further studies are needed to investigate whether epigenetic modifications also influence fertility in later life.
Planning Bias
Finally, one might argue that birth season effects may be caused by planning bias as Basso et al. [126] reported that in Denmark, women prefer to give birth in spring. Then, only fecund women will make it to actually give birth in spring, whereas subfecund females will have a longer waiting time to pregnancy and may not give birth before summer or autumn. If a genetic cause of subfecundity is inherited by their daughters, these may end up with lower fertility and at the same time have a higher likelihood to be born in summer or autumn. However, it has been established that seasonality of reproduction is not determined by planning, religion or community roles [72] .
OPEN QUESTIONS
Although a variety of hypotheses exist how birth season effects on female reproduction emerge, none have been proven so far. It remains still unresolved, which environmental or maternal factors play a central role during which crucial periods of early development, and which underlying physiological mechanisms mediate these effects. Promising fields for future research may be comparative studies on populations of different geographic regions, supplemented with experimental studies on animal models, where individual environmental or maternal factors are manipulated during specific periods of early development, thereby investigating the underlying physiological and molecular mechanisms. Such studies could help to understand early causes of subfertility and reproductive disorders, opening the door for the development of preventive strategies.
